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[57] ABSTRACT

Voltage controlled oscillator (50) provides an exponen-
tial transfer function. The frequency of the output signal
of the voltage controlled oscillator varies exponentially
with the input voltages (Vini, V IA2) to the oscillator.
The exponential transfer characteristic is provided by
means of a MOS field effect transistor (19) biased in its

subthreshold range.

4 Claims, 4 Drawing Figures
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METAL OXIDE SEMICONDUCTOR
LOGARITHMIC VOLTAGE CONTROLLED
OSCILLATOR

BACKGROUND OF THE INVENTION

This invention relates to voltage controlled oscilla-
tors, and more specifically to voltage controlled oscilla-
tors which exponentially increase the frequency of the
output signal with a linearly increasing input voltage
signal.

A voltage controlled oscillator produces an oscillat-
ing waveform which varies in frequency in some rela-
tionship with an input voltage signal. Voltage con-
trolled oscillators with an exponential transfer charac-
teristic have several applications. Among these applica-
tions are use as a test oscillator for recording the acous-
tic characteristics of a room, a test oscillator for record-
ing the acoustic characteristics of audio components, a
test oscillator used in physical hearing examinations,
and as an oscillating waveform generator. One of the
more important applications of voltage controlled oscil-
lators with an exponential transfer characteristic is in
the generation of electronically synthesized music. An
example of an oscillator intended for use in the elec-
tronic synthesis of music is shown in Rocheleau, “Volt-
age-Controlled Exponential Oscillator”, U.S. Pat. No.
3,605,035, which is hereby incorporated by reference.

A common method of generating the exponential
transfer characteristic is to bias a diode in its subthresh-
old operating range. The use of this technique 1s de-
scribed in Robert A. Moog, “Voltage-Controlled Elec-
tronic Music Modules”, Journal of the Audio Engineer-
ing Society, July 1965, which is hereby incorporated by
reference. However, when the voltage controlled oscil-
lator is to be incorporated in an integrated circuit in-
cluding complimentary metal oxide semiconductor de-
vices, it is difficult to construct a diode with the accu-
rate voltage versus current characteristic necessary to
utilize the subthreshold biasing technique.

SUMMARY

A voltage controlled oscillator is disclosed which has
an exponential transfer characteristic, in that the fre-
quency of the output signal increases exponentially in
response to a linearly increasing input voltage signal.
The embodiment described herein utilizes metal oxide
silicon (MOS) technology. The exponential transfer
characteristic is provided by biasing an MOS field effect
transistor in its subthreshold operating range.

DESCRIPTION OF THE DRAWINGS

FIG. 1A shows a block diagram of one embodiment
of the present invention;
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FIG. 1B is a schematic diagram of one embodiment of 55

circuit 100 of FIG. 1A constructed in accordance with
this invention; |

FIG. 1C is a schematic diagram of one embodiment
of circuit 200 of FIG. 1A constructed in accordance
with this invention; and

FIG. 2 shows a waveform for a ramp wave.

DETAILED DESCRIPTION
FIG. 1A is a block diagram of one embodiment of this

60

invention, showing the relationship between circuit 100 65

of FIG. 1B and circuit 200 of FIG. 1C. Input signals
Vn and Vi are the voltage control input signals.
Output signal Outl is a ramp wave whose frequency 1s

2

exponentially proportional to the voltage levels of VN
and Vzo shown in FIG. 2. Input signals V) and Vian
have an additive effect on the frequency of output sig-
nal Outl; thus, the effective control voltage VEFF 1S

equal to

VErr=Vinm+Vine. (1)

One embodiment of circuit 100 is shown in FIG. 1B.
Input signals Vn1 and Vn» are applied to the gates of
transistors 3 and 4 via input lead 43 and 44, respectively.

The relationship between V1 and the current Ips(1)
through transistor 1, is calculated as follows. Because
the drain of transistor 1 is connected to the gate of

transistor 1,

Ves(1)=V ps(1) (2)

where
Vgs(1) is the gate to source voltage drop of transistor
1, and
V ps(1) is the drain to source voltage of transistor 1,
and thus

VGs(1)-V7(1)<Vps(1) (3)

where

V7(1) is the threshold voltage of transistor 1.

(For simplicity throughout this specification, a num-
ber in parentheses to the right of a variable, indicates
the component to which the variable applies, e.g., V(1)
is the threshold voltage of N channel MOS field effect
transistor 1.)

Therefore, transistor 1 is saturated. The relationship
between the gate to source voltage and the drain to
source current in a field effect transistor when the tran-

sister is saturated is given by the equation,

Ips=Ipss(VGs/Vr—1)? @)

where
Ips is the drain to source current in the field effect

transistor, |

Ipssis a constant determined by the physical size and
formation process used to form the transistor (as
more fully explained later),

Vs is the gate to source voltage, and

Vris the threshold voltage of the field effect transis-

tfor.
Ipss is determined by the equation,

Ipss=(peVZ/2TXW/L) )
where
u is the average surface mobility of charge carriers in
~ the channel, |

T is the thickness of the oxide over the channel,

e is the permitivity of the gate dielectric,

L is the length of the channel in the direction of cur-
rent flow, and

W is the width of the channel.

Equations 4 and 5 are valid when the MOS field

effect transistors are operated in the saturation mode as
they are in this circuit, see MOS Integrated Circuits:
Theory, Fabrication, Design, and Systems Applications of
MOS LSI, Penney Ed., p. 69, (1979), which is hereby
incorporated by reference. =

Solving equations, 4 and 5 for Vgs—VT
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Vs~ Vr=QIpsT/pe)d(L/W)}. (6)

Transistor 1 is fabricated so that W(1) is much greater
than L(1) so:

Ves(D) — Vi()=0=QIps(1) T(1)/pe)*-(L(1)/ W(1))1. (7)

Therefore

Vgs(1)=V (1) (8)
and is relatively fixed with wide variations in Ips(1).
Because transistor 1, transistor 3, and resistor 2 are
connected in series |
1ps(3)=1r(2)=1ps(1) (9)
where
Ir(2) is the current through resistor 2.

Summing the voltages from the gate of transistor 3 to
ground yields the equation,

Vini=VGs(3)+ VR(2)+ Vps(1) (10)
where
V r(2) is the voltage drop across resistor 2.

Substituting for Vg(2) and Vgs(1) yields,

Vini=VesB)+IRQR)R(2)+ VT, (11)

which may be written as
Vint—VGs(3)=Ir(2)R(2)+ V. (12)
Summing the voltages from node 45 to ground yields,

(45)=Vps(3)+ VR(2)+ VDs(1)=Vps(3) +IR(2)R(-

2)+Vr (13)

‘where
V(45) is the voltage at node 45.

. ... Zener diode 9, resistor 8 and transistor 7 form a volt-
- éage regulator. Zener diode 9 is biased past its zener

breakdown voltage by resistor 8 which also limits the
current through zener diode 9 in order to prevent dam-
age to zener diode 9. Because zener diode 9 is biased
past its zener breakdown voltage, the voltage drop
across zener diode 9 is equal to the zener breakdown
voltage typcially 5.8 volts. The voltage at node 45 is
then
V(45)=Vp(9)— VBe(7) (14)
where |
V5 (9) is the zener breakdown voltage of zener diode
9 and
V e (7) is the base to emitter voltage drop of transis-
“tor 7.
- Vae (7) is approximately 0.6 volts. Vg (9) is approxi-
mately 5.8 volts. Therefore, the voltage at node 45 1s a
constant 5.2 volis. Transistor 7 is provided to isolaie
zener diode 9 and resistor 8 from the current drawn
through node 45. If node 45 are connected directly to

the cathode of zener diode 9 and the current drawn
through node 45 were to become large, the voliage
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drop across resistor 8 may increase above 3.2 volts (if 65

V30=9V). The sum of the voltages from positive volt-
age source V30 to reference potential 40 is

V(30)= V(8)4 V(9) (15)
where

V(30) is the voltage supply level,

V(8) is the voltage drop across resistor 8, and

V(9) is the voltage drop across zener diode 9.

If the voltage drop V(8) across resistor 8 becomes
greater than 3.2 volts, the voltage drop V(9) across

zener diode 9 falls below the zener breakdown voltage
and proper voltage regulation would not occur. The
base current of transistor 7 is less than 50 microamperes,
thus limiting the current through resistor 8 and prevent-
ing the voltage drop across zener diode 9 from falling
below the zener breakdown voltage.

Substituting for IR(2)R(2)+ V rin equation 13 yields,

H(45)— Vps®)=Vin1— VGs3) (16)

which may be written as
V(45)— Vin1=Vps(3)—VGs(3), (17)

V(45) must be greater than or equal to VIM, thus tran-
sistor 3 must be saturated. Thus

peH(3)
2TL(3)

(18)

Ips(3) = (VGs(3) — VRG)>

Just as with transistor 1, W(3) is much greater than L(3)
so that

Vgs(3)=V 1(3)
Substituting into equation 11 yields

Vint=V1(3)+Ir(2R(2)4V1(1) (19)

The threshold voltage V rof a metal oxide semicon-
ductor transistor is determined by several factors (i.e.
gate oxide thickness, channel doping level, etc.) of the
transistor, see Millman & Hilkis, Integrated Electronics:
Analog and Digital Circuits and Systems, page 323
(1972), which is hereby incorporated by reference. All
N channel MOS devices in this embodiment are fabri-
cated so that these factors, and thus the threshold volt-
ages are equal in all N channel MOS transistors. Simi-
larly, all P channel MOS devices in this embodiment are
constructed so that these factors, and thus the threshold
voltages are equal in all P channel MOS transistors.

Thus VH(3)=Vr{(1)=Vr.

Equation 19 solved for 1r(2) gives,

Y — 2T (20)

IR(Z) - R>

= Ips(3) = Ips(1)

Therefore Ips(3) varies linearly in response to VIni. A
similar analysis shows that I1ps(4) is hinearly related to
Vin.

Because the gate of transistor 1 is connected to the
gate of transistor 11 and the source of transistor 1 1s
connecied to the source of iransistor 11, Vgsin transis-
tor 11is equal to Vgsin tranmstor 11. Solving equation 4

)

for Vgs gives,

21
Ins 1)

VGs = V;r(l -+ 75;3-
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By equating the two gate to source voltages, the drain
current equation becomes
)5

Because all threshold voltages in this embodiment are
equal, V7(1)=V7(11). Thus, the drain to source current

equation becomes

} (22)
Ipsl  Ipg(1l
V(1) (1 + ___f;:;.:'(l))) — Vy(ll)(l +—-———1§:;(“))

Ipss(11) (23)

Ips(11) = Thes(D) Ips(1)

Because all N channel MOS field effect transistors are
constructed using the same fabrication process, u, 1, ¢,
and VT are equal in all N-channel MOS field effect
transistors in the circuit. Therefore, the drain to source
current equation becomes |

(W(11)/L(11)) (24)

Ips) = gy oY
Thus, the current in transistor 11 is proportional to the
current in transistor 1, with the proportionality constant
depending upon the relative widths and lengths of tran-
sistors 1 and 11. This arrangement where the gates are
connected together and the sources are connected to-
gether in an MOS field effect transistor circuit is known
as a “‘current mirror”’. Transistors 6 and 10 form another
current mirror. Therefore, the current in transistor 10 is
proportional to the current in transistor 6.

Transistor 12 and resistor 13 form a constant current
source. The result of the previous derivation of equa-
tion 20 was

Viny — 2V
IR@) = Ips®) = Ips() = =z
This equation applies equally well to transistor 12 and
resistor 13. In this case | |

Ve(12) — 2Vr (25)

R(13) , where

Ips(12) = IR(13) =

V(12) is the voltage level at the gate of transistor 12,
and as long as Vg(12) and R(13) remain constant,
Ips(12) will remain constant. R(13) is constant and
V (12) is stabilized by the circuit formed by Rs, Dy, Q7.

d
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Therefore, Ips(12) is a relatively constant current. The

current provided by the constant current source formed
by transistor 12 and resistor 13 flows through transistor
14, transistor 11 and transistor 10. When transistor 10
and transistor 11 have no drain to source current (i.e.,
when Va1 and Vg are less than V7(3) and V7(4),
respectively), the entire current provided by the con-
stant current source formed by transistor 12 and resistor
13 flows through transistor 14. The drain to source
current of transistor 14 is reduced by the drain to source
current through transistors 10 and 11. Therefore, the
drain to source current through transistor 14 is shown

by the equation
Ips(14)=Ic—Ips(11)—Ips(10) (26)

where

535

65

6

Icis equal to the constant current provided by the
constant current source formed by transistor 12
and resistor 13. :

The current through transistor 14 is mirrored from
transistor 14 to transistor 15, which form a current
mirror. The current through transistor 15 is mirrored by
the current mirror formed by transistor 16 and transis-
tor 17. Therefore, the drain to source current of transis-
tor 17 is shown by the equation,

Ips(17) = K(I¢c — Ips(10) — Ips(11)),

(27)
where
K = W(15)/L(15) W(Qa7h/L(17) (28)
T W(14)/L(14) W(16)/L(16)

Transistors 20 and 21 provide a constant voltage of
approximately 0.8 volts, or one threshold voltage drop
V7, to the gate of transistor 19.

Because V ps(20)=V Gs(20),

VGs(20)—V <V ps(20). (29)
Thus transistor 20 is saturated. Therefore
e W(20) (30)

Ips(20) = 2T L(20) (Vgs — VT)2

which implies

Vas(20)— V=2 ps(20)T/pe) (L(20)/ W(20))2. (31)

W(20) is much greater than 1.(20) by design, so that

Vs(20) — Vis0x(21 ps(20) T/ pe)t-(L(20)/ W(20))2. (32)

Thus,

Vis(20)=V 7=0.8V (33)

in most CMOS processes.

This voltage is provided to bias transistor 19 in its
subthreshold operating range. The voltage drop across
resistor 18 varies with the current through transistor 17,

thereby varying the gate to source voltage drop of

transistor 19. As the drain to source current of transistor
17 increases in response to a decrease in Vni + VN2,
the voltage drop across resistor 18 increases. As the
voltage drop across resistor 18 increases, the gate to
source voltage of transistor 19 decreases, thereby de-
creasing the transconductance of transistor 19 and
therefore lowering the amount of drain to source cur-
rent through transistor 19. Conversely, as the current
through transistor 17 decreases in response to an in-
crease in Vini+ VN, the voltage drop across resistor
18 decreases, thereby increasing the gate to source volt-
age drop across transistor 19. Therefore, the transcon-
ductance of transistor 19 increases and the dramn to
source current of transistor 19 increases.
The current through Rig is:

IR(18)=Ips(17)+Ips(19) (34)

This embodiment is designed so that Ips(17)-
> >1ps(19), thus

1r(18)=Ips(17). (35)
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Therefore, because V5(19)=I1g(18)R(18), where
Vs(19) 1s the voltage of the source of transistor 19,

thus
Vs(19)=(Ips(17)+Ips(19))R 13 (36)
and
V (19)=1ps(17)R(18) (37)
Vs(19) = K(I, — Ips(10) — Ips(11))R18 (38)
( V(45) — 2V T Ving — 2V
=8 TR T RO

which may be written as,
| . . (39)
V(45 IN1 IN
09 = - 00 (S - 78 - R +
IKR(18)VT |
“RODRODORG) (R(5)R(13) + R(2)R(5) — R(2)R(5))

R(2), R(5), R(13) are chosen such that

ROR(
R ="Rre) + RG)
so that R(2)R(13)+-R(5)R(13)—R(2)R(5)=0, and
therefore
" " (40)
(45 w1 Vv
V(19) = KR(18) (-(—LR(I.?) - R — RG>

" “"This eliminates V7 from equation 40 and eliminates
variations of V§(19) in response to variations in V1.
Because
Va(19)=V rand Vs(19)> V1, by design, (41)

then Vs(19)—V >0 and transistor 19 is biased on its
subthreshold range. In this range.

' Ips(19)=1Ip,(W(19)/L(19)) exp (V(19)g/nkT)-(exp
(—Vs(19)q/kT)—exp (— Vp(19)q/kT))

where, |

Ino and n are constants determined by the fabrication

process used to fabricate transistor 19, and
kT/q=26 millivolts at 300° T, as shown in “CMOS
Analog Integrated Circuiis Based on Weak Inver-
sion Operation”;, E. Vittoz and J. Fellrath, Journal
of Solid State Circuits (1977), which is hereby
incorporated by reference. Since Vg(9)=V rand is
fixed, exp (V5(19) Q/nKT) is a constant.Vp(19) is
large so that exp (—V p(19)q/uT)=0. The resulting
equation for the current in transistor 19 is

Ips(19)=T po(W(19)/L(19))exp (— Vs(19)q/kT) (43)

where
I'po 1s equal to Ipgrexp (V6(19) q/nkT).

(42)
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Combing equations 40 and 43 yields,

Ips(19)=T p( W(19)/L9(19))exp
K?//kﬂ— V9(45)/R(13)+ VIN1/R(2)-

(
+ YIN2/R(5))). (44)

Thus the current I1ps(19) in transistor 19 1s exponentially
dependent upon Vni1 and Vian.

The current through transistor 19 is mirrored by
transistor 21 to transistor 24 and transistor 25 (FIG. 1C).
The current through transistor 24 is mirrored by transis-
tor 26 to transistor 27. The widths and lengths of transis-
tors 24, 25, 26, and 27 are chosen so that the current
mirrored to transistor 25 is equal to the current mir-
rored to transistor 27.

FI1G. 2 is a graph depicting output signal Outl pro-
duced by the circuit in FIGS. 1B and 1C as a function
of time. This waveform appears on output lead 31 of
FIG. 1C. Output lead 31 is connected to one plate of
capacitor 29. The other plate of capacitor 29 is con-
nected to ground. For example, at time t(0) of FIG. 2,
the voltage drop across capacitor 29 of FIG. 1C is ap-
proximately 2.0 volts which is the minimum voltage of
Outl. The value of the minimum voltage of Outl i1s
determined by the voltage drop across transistors 34
and 35, as is more fully explained below. This voltage is
applied to the nominverting input lead of comparator 39.
The inverting input lead of comparator 39 receives a
voltage level one gate to source voltage drop (approxi-
mately 1 volt) below positive voltage supply V30 (ap-
proximately 9 volts). Therefore, the signal on the output
lead of comparator 39 is a logical 0 (approximately 0
volts). Because the output signal of comparator 39 is a
logical 0, the output signal of inverter 43 is a logical 1
(approximately 9 volts). A logical 0 is provided on reset
input terminal 42 during normal operation. Because the
input signals to NOR gate 41 are a logical 1 and logical
0, the output signal of NOR gate 41 is a logical 0. This
logical 0 turns on transistors 30 and 37 and turns off
transistors 28 and 32. Current flows through transistor
30 to capacitor 29, and thus the voltage on capacitor 39
rises. Transistor 37 creates a short across resistor 38,

thus the voltage on the noninverting input lead of com-

parator 39 is one gate to source voltage drop below
positive  voltage source V30, approximately
9—1V =8V volts. The balance of the voltage difference
between positive voltage source V30 and ground is
dropped cross transistors 35, 34 and resistor 33.

The voltage across capacitor 29 continues to rise until
the voltage on the noninverting input lead of compara-
tor 39 is greater than one gate to source voltage drop
below positive voltage source V30. At that time, t(1) in
FIG. 2, the output signal of comparator 39 becomes a
logical 1, and the output signal of inverter 43 becomesa
logical 0. Because the input signals to NOR gate 41 are
both logical 0, the output signal of NOR gate 41 1s a
logical 1. This logical 1 turns off transistors 30 and 37
and turns on transistors 28 and 32. Therefore, current
flows through transistor 28 which discharges capacitor
29. Because iransistor 32 is on, the inverting input lead
of comparator 39 receives a voltage level two gate to
source voltage drops above ground. The balance of the
voltage difference between positive voltage source V30
and ground is dropped across transistor 36 and resistor
38. Capacitor 29 continues to discharge until the volt-
age on the noninverting input lead of comparator 39
decreases to a level less than two gate to source voltage
drops above ground, approximately 2 volts. At that
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time, t(2) in FIG. 2, the output signal of comparator 39
switches to a logical 0 and capacitor 29 begins to charge
again as previously explained.

The rate at which capacitor 29 charges and dis-
charges is dependent, respectively, upon the current 35
sourced by transistor 25 and the current drawn by tran-
sistor 27. The greater the current through transistors 25
and 27, the faster capacitor 29 charges and discharges.
Therefore, the frequency of the output waveform at
output node 31 is dependent upon the current supplied 10
by transistors 25 and 27. If the current supplied by tran-
sistors 25 and 27 doubles, capacitor 29 charges and
discharges twice as fast. The voltage drop across a
capacitor is given by the equation

15
V=0/C (45)

where
V is the voltage drop across the capacitor,
C is the capacitance value of the capacitor, and 20
Q is the charge on the capacitor.

Differentiating both sides of the equation, with respect

to time, gives

dV/dt=(dQ/di)/C. (46) 5s

The time differential of charge Q, dQ/dt, is the current
flowing into the capacitor. Therefore, the equation

becomes,

dV/dt=A/C @47) °

where
A is the current flowing into the capacitor. There-
fore, the frequency of the output at output node 31
is directly proportional to the current which is
sourced or drawn by transistors 25 and 27, respec-
tively.

The current through transistors 25 and 27 is directly
proportional to the current through transistors 21 (FI1G.
1B). The current through transistor 21 is equal to the
current through transistor 19, which is inversely and
exponentially dependent upon the current through tran-
sistor 17, which is inversely proportional to the sum of
input voltages Vin1 and Viaz. The frequency of the
output signal on lead 31 is proportional to the current
through transistors 25 and 27. Therefore, the frequency
of the output signal on output lead 31 is exponentially
proportional to the sum of input voltages Vin and
VIND.

Reset input terminal 42 is provided in order to cause U
the voltage on capacitor 29 to be forced to its maximum
value by an external reset signal, and effectively disable
oscillation. When reset terminal 42 is brought to a logi-
cal 1, the output signal of NOR gate 41 is a logical 0,
regardless of the output signal of inverter 43. Therefore,
transistors 28 and 32 are off and transistors 30 and 37 are
on. Thus, capacitor 29 charges to the voltage level of
positive voltage source 30 and remains there until reset
terminal 42 receives a logical O reset signal, at which
time the circuit of this invention begins oscillating in
response to input signals Vyni and Vin.

While this specification illustrates specific embodi-
ments of this invention it is not to be interpreted as
limiting the scope of the invention. Many embodiments
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of this invention will become evident to those of ordi-
nary skill in the art in light of the teachings of this speci-

fication.

I claim:

1. A voltage controlled oscillator which receives an
input voltage and which provides an output signal hav-
ing a frequency which increases exponentially in re-
sponse to a linearly increasing input voltage, said expo-
nential increase being provided by an MOS field effect
transistor biased to operate in its subthreshold range.

2. A voltage controlied oscillator as in claim 1,
wherein said output signal 1s a linear ramp wave.

3. A voltage controlled oscillator having a control
voltage input terminal and an output terminal, compris-
ing:

exponential transfer function means having a control
signal input lead connected to said control voltage
input terminal for receiving a control voltage,
wherein said exponential transfer function means
provides an exponential output signal which varies
in an exponential relationship with said control
signal, said exponential relationship being provided
by an MOS field effect transistor biased to operate
in its subthreshold range; and

oscillation means having an oscillator output lead for
providing an oscillating output signal in response
to said exponential output signal.

4. A voltage controlled oscillator having a control
voltage input terminal and an output terminal, compris-
ing:

means for alternately sourcing or sinking current,
having a control voltage input lead connected to
said control voltage input terminal for receiving a
control signal which causes said means for alter-
nately sourcing or sinking current to vary the mag-
nitude of current sourced or sunk by said means to
‘vary in an exponential relationship with the voltage
of said control signal, said means also having a
current output lead, and having a current control
lead for receiving a current control signal which
selectively causes said means to either source or
sink current; -

a capacitor having a first lead connected to said cur-
rent output lead, and having a second lead con-
nected to a reference potential; and |

voltage measurement means having a voltage mput
terminal for receiving a voltage signal connected to
said first lead of said capacitor, and having a con-
trol output lead connected to said current control
lead wherein, when said current control signal is a
first signal and said voltage signal is above first
selected voltage level, said current control output

~ level provides a second signal causing said means
for alternately sourcing or sinking current to draw
current into said current output lead, and when
said current control signal is a second signal and
said voltage signal is below a second selected volt-
age, said current control output lead provides said
first control signal causing said means for alter-
nately sourcing or sinking current to provide cur-
rent on said current output lead for providing said

current control signal.
* * * *x %
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